Akt plays an important role in a variety of cellular physiologies such as growth, proliferation, and differentiation. In skeletal muscle, Akt has been implicated in regulating regeneration, hypertrophy, and atrophy. In this study, the role of Akt has been examined during skeletal muscle differentiation. Culturing C2C12 myoblasts under low serum (1% horse serum) and high density converted cell morphology from a round shape to an elongated and multi-nucleated shape. Morphological changes were initiated from day 2 of differentiation. In addition, the expression of both myogenin G and myogenin D was elevated from day 2 of differentiation. Skeletal muscle differentiation was abolished by silencing Akt1 or Akt2, but was significantly enhanced by the over-expression of either Akt1 or Akt2. The activation of Akt was observed from day 2 of differentiation and disappeared after day 7. The expression of krüppel-like factor 4 was observed from day 6 of differentiation. Moreover, this expression was blocked in cells silencing either Akt1 or Akt2. In addition, the promoter activity of krüppel-like factor 4 was significantly reduced in cells silencing Akt1 or Akt2. These results suggest that Akt regulates skeletal muscle differentiation through the regulation of krüppel-like factor 4 expression.
Introduction
Myogenesis is necessary for normal development as well as the repair of damaged muscle fibers in postembryonic life [17] . Skeletal muscle differentiation is multistep process, in which mononucleated myoblasts withdraw from the cell cycle, initiate the expression of muscle-specific genes, and fuse with each other to form the multinucleated myotubes.
The principal regulator of this process is MyoD family transcription factors [21] . Their stage-specific associations with different transcriptional co-regulators ultimately activate the differentiation program by inducing muscle-specific genes.
However, the upstream signaling pathways that regulate muscle-specific gene expression are still unclear.
The Akt family of kinase consists of three different isoforms such as Akt1, Akt2, and Akt3. Three isoforms are encoded by three different genes but shares high sequence homology about 85% [26] . Despite their high sequence homology, each isoform of Akt seems to have distinctive function.
For example, mice lacking Akt1 displays small organism size (~80% compared with wild type mice) but shows normal metabolism [5] . On the other hand, targeted mice of Akt2 show normal animal size but display type 2 diabetes-like syndrome [6] . Mice lacking Akt3 show normal animal size and metabolism except small brain size [7] .
It has been reported that Akt plays an essential role in a variety of cellular physiologies such as growth [35] , proliferation [18] , survival/apoptosis [19] , metabolism [16] , migration [38] , and in many types of differentiation [24] .
Particularly, the isoform-specific function of Akt1 has been implicated in adipocyte differentiation [37] , and cell migration [14] . Akt1 specifically phosphorylates forkhead transcriptional factor class O1 (FoxO1) to induce adipocyte differentiation [37] . It also has been reported that Akt1 specifically interacts with mammalian target of rapamycin complex 2 (mTORC2) and regulates cancer cell migration, invasion, and metastasis [15] . The role of Akt has been implicated in skeletal muscle differentiation during past decades. For instance, inhibition of phosphatidylinositol 3-kinase (PI3K) blocks myocytes differentiation [9] . In addition, expression of dominant-negative p85 subunit of PI3K significantly suppresses muscle differentiation [12] . Moreover, it has been reported that PI3K/Akt signaling pathway controls myogenin transcriptional activity during insulin-like growth factor-1 (IGF-1)-induced muscle differentiation [29] .
Krüppel-like factor (KLF) family of transcription factor binds GC-rich regions and related CACCC sequences in DNA [23] . KLF family of proteins acts as either transcriptional activator or repressor [30] . Some KLFs such as KLF3 and KLF8 are broadly expressed [31] , but some KLF such as KLF1 is only expressed in erythrocytes [20] . KLF family of proteins has been shown to play a key role in multiple biological responses including erythropoiesis [3] , adipogenesis [2] , and the self-renewal of embryonic stem cells [11] . KLF4 regulates proliferation in a variety of cells. Forced expression of KLF4 suppresses DNA synthesis thereby inhibits cellular growth in both colon cancer and fibroblast cells [13] . In addition, KLF4 also influences growth in vascular smooth muscle cells [33] . Recently, the role of KLF4 in smooth muscle differentiation has been defined by using KLF4 knockout animal model. In this model, targeted-deletion of KLF4 in vascular smooth muscle accelerates smooth muscle differentiation [36] . However, the role of KLF4 in skeletal muscle differentiation is still unclear.
In the present study, we have shown that forced expression of Akt regulates the expression of KLF4 as well as skeletal muscle differentiation. 
Materials and Methods

Materials
Gene expression by retroviral infection
To generate retroviral particles, ecotropic BOSC23 packaging cells were grown to~70% confluence in 6-well dishes. Promoter assay pGL3 and pGL3-KLF4 are kindly provided by Dr. Gary K. Owens (Univ. of Virginia). For the measurement of promoter activity, dual-luciferase reporter assay system was employed. C2C12 myoblasts were plated in 12-well plates.
Cells were co-transfected with the luciferase reporter constructs and the renilla luciferase plasmids using Lipofectamine 
Western blotting
Cells were lysed in 20 mM Tris-HCl, pH 7.3, 1 mM EGTA/EDTA, 1% triton X-100, 1 mM Na3VO4, 10% glycerol, 1 μg/ml leupeptin and 1 μg/ml aprotinin. After centrifugation at 12,000 rpm, cell lysates (30 μg) were subjected to 10% polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. Membranes were incubated with the indicated primary antibody and IRDye-conjugated secondary antibody. Protein bands were visualized by infrared image analyzer (Li-COR Bioscience).
Results
Differentiation of C2C12 myoblasts
To examine the effect of serum on the differentiation of C2C12 myoblasts, cells were grown on two different conditions. As shown in of incubation and lasted until day 10 (Fig. 1B) . These results suggest that C2C12 myoblasts are able to be differentiated by culturing in the presence of 1% HS/DMEM condition.
Knockdown of Akt prevents C2C12 myoblast differentiation
Akt plays an essential role in a variety of cellular differentiation. To examine the effect of Akt isoforms on the skeletal muscle differentiation, we have silenced each isoform of Akt in C2C12 myoblasts. As shown in Fig Over-expression of Akt1 or Akt2 enhances C2C12 myoblast differentiation Since knockdown of Akt1 or Akt2 significantly blocked the skeletal muscle differentiation (Fig. 2) , we examined the effect of Akt over-expression on the differentiation of C2C12 myoblasts. As shown in Fig. 3A , infection C2C12 myoblasts with retrovirus harboring each Akt isoform resulted in more than 100-fold increment of the expression in comparison with endogenous level. Multi-nucleated tube formation was achieved at day 6 of differentiation, however, tube formation was achieved as early as day 2 of differentiation after over-expression of either Akt1 or Akt2 (Fig. 3B) . There was no big difference in between Akt1 and Akt2 over-expression.
These results suggest that both Akt1 and Akt2 are required for the skeletal muscle differentiation.
Activation of Akt and induction of KLF4 during the differentiation of C2C12 myoblasts etal muscle differentiation, we further determined the activation of Akt during C2C12 myoblast differentiation. As shown in Fig. 4 , Akt was transiently activated during the differentiation of C2C12 myoblasts, for example, activation of Akt was initiated on day 2 and terminated on day 7 of differentiation. On the other hand, expression of KLF4 was initiated on day 6 and lasted until day 10 of differentiation.
These results suggest that activation of Akt and expression of KLF4 are involved in the skeletal muscle differentiation, and temporal regulation of both Akt and KLF4 seems to be important for the process of skeletal muscle differentiation.
Knockdown of Akt prevents KLF4 expression
Since transient activation of Akt was followed by the ex- Promoter activity of KLF4 was expressed as a fold of pGL3 vector control. Values are expressed as ± mean of three independent experiments (n=3 for each experiment). p<0.05 was considered as significant and indicated as *.
the expression of KLF4 was examined. As shown in Fig. 5A , KLF4 was not expressed in undifferentiated C2C12 myoblasts, however, incubation of C2C12 myoblasts with 1% HS/DMEM significantly induced KLF4 in both control and vector cells. Expression of KLF4 was completely blocked in C2C12 myoblasts silencing either Akt1 or Akt2. In addition, the promoter activity of KLF4 was significantly reduced in C2C12 myoblasts silencing either Akt1 or Akt2 (Fig. 5B) .
These results suggest that either Akt1 or Akt2 affects the promoter activity KLF4 and regulates the expression of KLF4 during the skeletal muscle differentiation.
Discussion
In the present study, it has been demonstrated that skeletal muscle differentiation is regulated by Akt signaling and possibly through the expression of KLF4. It has been reported that C2C12 myoblasts form myotubes under certain condition such as low serum (2%) and high cell density [27] .
Likewise, C2C12 myoblasts underwent myotube formation even at 1% horse serum (Fig. 1 ). MyoG and MyoD are transcriptional regulator for skeletal differentiation [34] , and expression of MyoG and MyoD was significantly induced by the medium containing 1% HS in DMEM (Fig. 1) . Therefore, it is likely that incubation of C2C12 myoblasts under low serum contents and high cell density induces differentiation by induction of transcriptional factors such as MyoG and
MyoD. However, the mechanism by which low serum and high cell density induce the expression of MyoG and MyoD seems to be different from that of Akt activation since activa-tion of Akt is observed from day 6 of differentiation.
It has been reported that Akt regulates a variety of cellular differentiation such as adipocyte differentiation, cardiomyoctye differentiation, and phenotypic change of vascular smooth muscle cells [4, 9, 10, 37] . Likewise, our results
showed that activation of Akt was observed during skeletal muscle differentiation (Fig. 2) . Currently, how Akt is activated under low serum contents and high cell density is not clear. One plausible explanation would be cell-to-cell contact-induced activation of Akt. Indeed, it has been reported that Akt is activated by a variety of extracellular matrix proteins which are ligands for integrin receptors [28] . It is also notable that activation of Akt is secondary effect since confluent stage was not immediately followed by the phosphorylation of Akt ( Figs. 1 and 3 ). In contrast, activation of Akt was achieved 4 days after confluent stage of C2C12
myoblasts. In these regards, activation of Akt seems to be acquired by low serum contents-and high cell density-induced autocrine factor(s). Therefore, temporal regulation of Akt activation seems to be important factor for the skeletal muscle differentiation.
Several lines of evidence support that Akt is important regulator for the skeletal muscle differentiation. First, activation of PI3K/Akt signaling pathway seems to be involved in the skeletal muscle differentiation. For instance, variety of pharmacological inhibitors blocking PI3K activity suppresses skeletal muscle differentiation [25] . In addition, our results also showed that Akt is activated during the progression of differentiation (Fig. 2) . Second, forced control of Akt expression affects the skeletal muscle differentiation. It has been reported that blocking Akt activation by over-expressing dominant negative form of Akt suppresses skeletal muscle differentiation [25] . Likewise, our results also demonstrated that silencing either Akt1 or Akt2 significantly attenuated the differentiation of C2C12 myoblasts (Fig. 2) . By contract, over-expression of either Akt1 or Akt2 significantly enhanced the differentiation of C2C12 myoblasts (Fig. 3) .
Therefore, attainment of kinase activity of Akt seems to be required for skeletal muscle differentiation. Especially, both
Akt1 and Akt2 might be important regulators of skeletal muscle differentiation.
Recently, it has been reported that KLF family transcriptional factors regulates versatile type of differentiation [22] .
Among the KLFs, KLF4 has been implicated in many types of differentiation such as vascular smooth muscle, adipocyte, inflammatory monocytes, and testicular Sertoli cells [1, 8, 32, 36] . Recently, it has been reported that KLF4 is also involved in the regulation of skeletal muscle differentiation.
Although this report suggests that ERK5 is an important mediator for KLF4 expression, our results also suggest that Akt also seems to be an important factor for the induction of KLF4 expression. For example, activation of Akt was followed by the expression of KLF4 (Fig. 4) . In addition, silencing either Akt1 or Akt2 completely blocked the expression of KLF4 (Fig. 5A) . More importantly, promoter activity of KLF4 was significantly reduced in C2C12 cells silencing either Akt1 or Akt2 (Fig. 5B ). Therefore, it is possible that transient activation of Akt is required for sustained expression of KLF4 which leads to myogenic fusion of individual myocytes.
In summary, C2C12 myoblasts underwent morphological changes by the differentiation condition. Differentiation of C2C12 myoblast was significantly attenuated by silencing Akt1 or Akt2 whereas significantly enhanced by forced expression of Akt1 or Akt2. Akt was transiently activated during the progression of C2C12 myoblast differentiation.
Expression of KLF4 as well as promoter activity of KLF4 was markedly reduced in C2C12 myoblasts silencing Akt1 or Akt2. Therefore, it is likely that Akt regulates skeletal muscle differentiation through the expression of KLF4.
초록：Akt에 의한 근육세포의 분화 조절 
